The islet endothelium comprises a specialized population of islet endothelial cells (IECs) expressing unique markers such as nephrin and a-1 antitrypsin (AAT) that are not found in endothelial cells in surrounding tissues. However, due to difficulties in isolating and maintaining a pure population of these cells, the information on these islet-specific cells is currently very limited. Interestingly, we have identified a large subpopulation of endothelial cells exhibiting IEC phenotype, while deriving insulin-producing cells from mouse embryonic stem cells (mESCs). These cells were identified by the uptake of low-density lipoprotein (LDL) and were successfully isolated and subsequently expanded in endothelial cell culture medium. Further analysis demonstrated that the mouse embryonic stem cell-derived endothelial cells (mESC-ECs) not only express classical endothelial markers, such as platelet endothelial cell adhesion molecule (PECAM1), thrombomodulin, intercellular adhesion molecule-1 (ICAM-1), and endothelial nitric oxide synthase (eNOS) but also IEC-specific markers such as nephrin and AAT. Moreover, mESC-ECs secrete basement membrane proteins such as collagen type IV, laminin, and fibronectin in culture and form tubular networks on a layer of Matrigel, demonstrating angiogenic activity. Further, mESC-ECs not only express eNOS, but also its eNOS expression is glucose dependent, which is another characteristic phenotype of IECs. With the ability to obtain highly purified IECs derived from pluripotent stem cells, it is possible to closely examine the function of these cells and their interaction with pancreatic b-cells during development and maturation in vitro. Further characterization of tissue-specific endothelial cell properties may enhance our ability to formulate new therapeutic angiogenic approaches for diabetes.
INTRODUCTION
Several efforts have recently been made to differentiate pluripotent stem cells into endothelial progenitor cells or endothelial cells using various strategies (2, 10, 17, 38, 64) . These pluripotent stem cell-derived endothelial cells can provide an abundant cell source for tissue engineering applications as well as more personalized medical treatments. Levenberg et al. reported the derivation of endothelial cells from human embryonic stem cells (hESCs) (38), and Blancas et al. demonstrated a chemically defined protocol to differentiate mouse embryonic stem cells (mESCs) into endothelial cells (9, 10) . Other groups have shown that fluid shear stress can promote an endotheliallike phenotype from early embryonic stem cell differentiation (31, 63) , and the role of matrix stiffness has also been explored for endothelial differentiation (16, 69) . Recently, Nolan et al. established a library containing molecular signatures of tissue-specific microvascular endothelial cells. They demonstrated that when murine embryonic stem cell-derived endothelial cells were transplanted into animal models, the generic endothelial cells acquired specific characteristics of the tissues in which they were transplanted (45). Notably, endothelial cells are recognized as a heterogeneous cell population in their structure and function based on the location in the body (3). However, protocols for in vitro stem cell differentiation into organspecific endothelial lineages are not yet available.
Endothelial cells found in pancreatic islets, known as islet endothelial cells (IECs), are being increasingly appreciated as an important contributing factor in pancreatic islet development and maturation (28, 65) , as pancreatic islets have a very dense capillary network in vivo. IECs are known to exhibit unique phenotypes that distinguish them from neighboring endothelial cell populations. It has previously been reported that isolated human IECs have more fenestrations than endothelial cells found within the exocrine part of the pancreas (20, 46, 66, 67) . In addition to classical endothelial cell makers such as von Willebrand factor, platelet endothelial cell adhesion molecule (PECAM1), and uptake of acetylated lowdensity lipoprotein (LDL), IECs are shown to express unique markers including nephrin and a-1 antitrypsin (AAT) (42, 67) . Other studies have shown that rat IECs constitutively express endothelial nitric oxide synthase (eNOS), and the expression of eNOS is glucose dependent, unlike other endothelial cells (55, 66, 67) . These unique properties of IECs contribute to normal development of b-cells in the pancreas. IECs secrete various molecules such as collagen type IV (29), laminin (26, 44, 59) , connective tissue growth factor (CTGF) (14) , and hepatocyte growth factor (HGF) (27) that are important for insulin secretion, b-cell proliferation, differentiation, and endocrine lineage specification. Recent studies have also highlighted the role of IECs in the revascularization and stabilization of transplanted islets in the host tissue (11). Mattsson et al. showed that the expression of angiogenic and inhibitory factors by IECs vary at different time points posttransplantation (43). However, due to difficulty in isolating a pure population of IECs and expanding in in vitro culture, the information on IECs is still relatively limited.
In the current study, we report the first demonstration of endothelial cells exhibiting IEC markers differentiated from mESCs. This population of IECs appeared as a side product in the differentiation culture of mESCs into pancreatic b-cells. A pure population of endothelial cells was successfully isolated from the vicinity of insulinproducing cells and expanded in in vitro culture for further characterization. These highly purified endothelial cells with islet-specific characteristics will further enhance our understanding of tissue-specific endothelial cell function. Moreover, studies investigating the interaction between neighboring insulin-producing b-cells can lead to a significant step in formulating new therapeutic angiogenic approaches for diabetes.
MATERIALS AND METHODS

mESC Culture and Differentiation Into Pancreatic β-Cells
mESCs (a generous gift from Dr. Yibing Qyang) were cultured on a mouse embryonic fibroblast (MEF; Globalstem, Rockville, MD, USA) layer in a DMEM medium supplemented with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin, 1% L-glutamine, 1% sodium pyruvate, and 1% nonessential amino acids. All reagents were purchased from Life Technologies (Carlsbad, CA, USA).
To derive insulin-producing cells from mESCs, a previously established protocol was used (50). Briefly, embryoid bodies (EBs) were formed by a hanging drop method and were collected after 2 days. EBs were cultured for an additional 3 days in a suspension culture and were then plated on a 0.1% gelatin-coated dish for 9 days to derive endodermal lineage in an IMDM medium supplemented with 20% FBS, 2 mM L-glutamine, 2 mM nonessential amino acids, 450 µM monothioglycerol (Sigma-Aldrich, St. Louis, MO, USA), 0.05 mg/ml streptomycin, and 0.03 mg/ml penicillin. EBs were then digested and plated on a polyornithine and laminin (Sigma-Aldrich)-coated dish. Pancreatic differentiation medium containing DMEM/F12 medium supplemented with 10% FBS, 20 nM progesterone, 100 µM putrescine, 1 µg/ml lami nin, 10 mM nicotinamide, 25 µg/ml insulin, 30 nM sodium selenite, 50 µg/ml transferrin, B27 (Life Technologies), 0.05 mg/ml streptomycin, and 0.03 mg/ml penicillin was added to the cells. All the reagents, unless stated otherwise, were purchased from Sigma-Aldrich. After 24 h, the culture medium was switched to a serum-free differentiation medium without 10% FBS. Cells remained in culture for an additional 18 days until completion of the differentiation. Insulin-producing cells were detected after 33 days of differentiation by a dithizone (DTZ) staining as previously described (51). To further confirm b-cell identity, an immunohistochemistry analysis was performed. Fixed cells were incubated with a monoclonal mouse anti-insulin antibody (1:1,000; Abcam, Cambridge, MA, USA) overnight and then with secondary goat anti-mouse (1:200; Santa Cruz, Dallas, TX, USA) for 2 h.
Identification and Isolation of mESC-Derived Endothelial Cells (mESC-ECs)
During various stages of mESC differentiation into pancreatic b-cells, acetylated LDL (Biomedical Technologies Inc., Stoughton, MA, USA) was used to identify a mature endothelial cell population in the culture. Cells were incubated with LDL diluted 1:10 in culture medium for 4 h at 37°C, and LDL-positive cells were detected under a florescence microscope (IX81 DSU, Olympus, Somerset, NJ, USA). At the end of the differentiation process, that is, day 33, LDL-positive cells in culture were selectively isolated from the rest of the population using sterile cloning discs (Capitol Scientific, Austin, TX, USA). Isolated endothelial cells were placed in a new dish coated with 0.1% gelatin and were initially cultured in the pancreatic differentiation medium supplemented with 10% FBS. After a few passages, culture medium was replaced with MCDB complete endothelial growth media containing 10% FBS, 1% penicillin-streptomycin (Sigma-Aldrich), and Endogro, an endothelial cell growth supplement from VEC Technologies (Rensselaer, NY, USA). Cells were passaged at 70-80% confluence, and the cell culture medium was exchanged every 2-3 days.
Characterization of mESC-ECs
Fluorescence-activated flow cytometry (FACS) was used to confirm the phenotype and the purity of the isolated cell population. For FACS analysis, cells were incubated with a polyclonal rabbit anti-PECAM1 (1:20; Santa Cruz) in FACS buffer (PBS with 1% BSA and 2 mM EDTA) for 30 min at 4°C. Cells were then washed three times with cold PBS, and secondary donkey anti-rabbit APC (1:20; Fisher Scientific, Pittsburgh, PA, USA) was added. Samples were analyzed using a FC500 Flow cytometer (Beckman Coulter, Pasadena, CA, USA) and FlowJo software.
Further characterization of cell phenotype was performed using Western blotting analysis. Cell and tissue lysates were prepared in RIPA buffer with 1% Triton X-100 (Boston Bioproducts, Ashland, MA, USA). Cell lysates were diluted (1:1) in Laemili buffer (Bio-Rad, Hercules, CA, USA) containing 5% mercaptoethanol and 2% sodium dodecyl sulfate (SDS). For immunoblotting, primary antibodies used were a polyclonal rabbit anti-PECAM1 (1:200; Santa Cruz), a monoclonal mouse antithrombomodulin (1:200; Abcam), a monoclonal mouse anti-ICAM-1 (1:500; Abcam), a polyclonal rabbit antieNOS (1:200; Abcam), a polyclonal rabbit anti-EphB2 (1:200; Santa Cruz), a polyclonal goat anti-EphB4 (1:200; Santa Cruz), a polyclonal rabbit anti-Notch-1 (1:100; Santa Cruz), a polyclonal rabbit anti-nephrin (1:250; Abcam), and a monoclonal mouse anti-b-actin (1:2,000; SigmaAldrich). After multiple washes with TBS-Tween buffer, blots were incubated with a secondary goat anti-rabbit IgG HRP, goat anti-mouse IgG HRP antibodies, or a goat antidonkey IgG HRP antibody (1:2,000; Santa Cruz) for 1 h. The blots were developed using a Supersignal chemiluminescent substrate (Thermo Fisher Scientific, Rockford, IL, USA). Fresh rat aortic tissue homogenates and low passage of cultured rat aortic endothelial cell (RAECs) lysates were used as controls. mESC-EC lysates from passages 6-8 were used and compared to that of passage 16.
To determine whether mESC-ECs deposit basement membrane proteins in culture, cells were cultured on glass slides for 5-7 days for immunohistological evaluation. Cells were fixed for 30 min at room temperature using 4% para-formaldehyde (Boston Bioproducts) and washed three times with PBS. Cells were then blocked with 10% horse serum in PBS with 0.1% Tween-20 for 30 min followed by an overnight incubation with primary antibodies at 4°C. Primary antibodies used were a polyclonal goat anti-laminin (1:200; Santa Cruz), a polyclonal rabbit anti-collagen type IV (1:200; Santa Cruz), and a polyclonal rabbit anti-fibronectin (1:200; Santa Cruz). Cells were then incubated with secondary donkey antigoat (1:200; Santa Cruz) and goat anti-rabbit (1:200; Santa Cruz) for 30 min. Cells were counterstained with hematoxylin (Boston Bioproducts) and mounted using Permount (Fisher Scientific, Hampton, NH, USA). Cells were imaged using an inverted microscope with a color camera (Nikon Eclipse Ti-S, Tokyo, Japan).
To determine the expression of FLK1 by mESC-ECs, immunofluorescence analysis was performed. Cells were fixed for 30 min at room temperature using 4% paraformaldehyde (Boston Bioproducts) and washed three times with PBS. Cells were then blocked with 10% goat serum in PBS with 0.1% Tween-20 for 1 h followed by an overnight incubation with a polyclonal rabbit anti-Flk-1 (1:1,000; Abcam) at 4°C and with secondary goat antimouse (1:2,000; Abcam) for 1 h. Cells were counterstained with DAPI to visualize the nuclei and were imaged using a confocal microscope (IX81 DSU; Olympus).
Endothelial Nitric Oxide Synthase (eNOS) Expression by mESC-ECs
eNOS enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems, Minneapolis, MN, USA) was performed to quantify eNOS expression of mESC-ECs in their culture medium following the manufacturer's instruction. Culture medium was collected from the culture of cells seeded at a density of 0.3 × 10 6 cells. Cells cultured in MCDB complete endothelial growth media containing 17.5 mM of glucose served as a control. The culture medium was then collected from cultures after 24 h of exposure in either 25 mM or 35 mM of glucose concentrations to investigate whether eNOS expression by mESC-ECs is dependent on glucose concentrations. The ELISA results were read using an Emax microplate reader (Molecular Devices, Sunnyvale, CA, USA) at the wavelength of 570 nm.
Vascular Endothelial Growth Factor (VEGF) Expression by Cells During Pancreatic Differentiation Process
VEGF concentration in the culture medium during the pancreatic differentiation process was quantified using a VEGF ELISA kit, following the manufacturer's instruction (R&D Systems). Culture media were collected from pancreatic differentiation culture on days 20, 26, and 32. Initial cell plating density was approximately 65 × 10 5 cells/cm 2 . To determine whether cultured mESC-ECs also express VEGF, media was collected after 72 h of culture. Fresh differentiation medium was used as a control.
Matrigel Assay
A 0.8-mm-thick layer of Matrigel (BD Biosciences, San Jose, CA, USA) was prepared by adding Matrigel diluted in ice-cold DMEM (1:1) into a well of a 12-well plate, and 1.5 × 10 4 mESC-ECs were seeded onto the layer of Matrigel and cultured for up to 48 h. Cord formation by mESC-ECs was imaged using a microscope with a color camera (Nikon Eclipse Ti-S, Tokyo, Japan).
Preparation of Sandwiched Collagen Gels Using mESC-ECs
3D collagen gels were created by a sandwich method, which contains two layers of cells prepared in between three layers of collagen. Rat tail collagen type I (BD Biosciences), 10× DMEM (Sigma-Aldrich), and 10× reconstitution buffer. The reconstitution buffer had the following composition: 0.05 N NaOH (Sigma-Aldrich) with 0.16 M HEPES (Sigma-Aldrich) and 0.25 M NaHCO 3 (J. T. Baker, Center Valley, PA, USA) were mixed to form a collagen solution as described previously (37). To form 3D collagen gels, collagen solution was first poured into tissue culture plates and incubated at 37°C for 30 min to allow polymerization before mESC-ECs suspended in MCDB complete medium were added on top. After 3 h, the medium was carefully removed, and another layer of cold collagen gel solution was added on top of the cell layer. This process was repeated to obtain in total two layers of cells sandwiched between three layers of collagen gel. The medium was changed every other day. After 3-5 days in culture, collagen gels were fixed in 3.7% formalin. Fixed samples were paraffin embedded, and histological sections (10 µm thick) were prepared for immunofluorescent analysis. Once the sections were incubated with an antigen retrieval buffer (10 mM citric acid, pH = 6; Sigma Aldrich) at 95°C for 25 min, they were incubated with 10% goat serum in PBS for 1 h followed by incubation with a polyclonal rabbit anti-PECAM1 (1:200; Santa Cruz) at 4°C overnight. Sections were then incubated with a secondary donkey anti-rabbit (1:200; Santa Cruz) for 1 h at room temperature. Images were acquired using a confocal microscope (IX81 DSU; Olympus).
Effect of VEGF Inhibitor on mESC-EC Yield
To determine whether the presence of VEGF is one of the critical factors contributing to the appearance of mESC-ECs in pancreatic differentiation culture, VEGF inhibitor was used. Thalidomide (Sigma-Aldrich), which is known as a potent VEGF inhibitor (33), was added to the differentiation culture on day 15 at a final concentration of either 10 µM or 20 µM in the culture medium and continued until the end of the differentiation (i.e., day 33). At the end of the differentiation, cells were incubated with LDL as previously described to detect endothelial cells and to determine the yield.
Statistical Analysis
Results are presented as mean ± SD. Statistical differences between groups were determined by single-factor analysis of variance (ANOVA) using SPSS software, and post hoc comparisons were based on Tukey's test. Statistical significance was accepted for p < 0.05.
RESULTS
Identification of mESC-ECs
Upon following a previously established protocol to derive insulin-producing cells from mESCs (50), we have successfully obtained insulin-producing cells as shown in Figure 1A . Insulin-producing cell clusters were identified after 33 days of differentiation by staining with DTZ, which is known to selectively stain insulin-producing cells (51). Insulin production by these cells was further confirmed by immunohistochemical analysis using an insulin antibody as shown in Figure 1B . Interestingly, in the vicinity of DTZ-positive cell clusters, we detected a population of cells that uptake LDL (Fig. 1C) . By examining the differentiation culture at various time points, we found that the LDL-positive cells start to appear as early as day 20 of differentiation. It was also found that the number of LDL-positive cells progressively increases, reaching approximately 6.3 ± 0.9% of the total number of cells on the final day of differentiation, day 33.
Characterization of mESC-ECs
Isolated mESC-ECs positive for LDL were expanded and cultured for up to 16 passages. Cultured mESCECs exhibited a cobblestone morphology and expressed FLk-1, a VEGF receptor as shown in Figure 2A . To determine whether these cells express an endothelial cell adhesion marker, PECAM1, a Western blot analysis was performed on cells at various stages of differentiation. It was found that while undifferentiated mESCs and cells differentiated for up to 15 days do not express PECAM1, only isolated and cultured mESC-ECs express PECAM1 (Fig. 2B) . In order to determine the purity of the cultured cell population, a FACS analysis using PECAM1 was performed. Figure 2C shows that 99% of mESC-ECs express PECAM1, confirming that the isolated cell population is a pure endothelial cell population. Moreover, immunohistochemistry results revealed that these cells deposit basement membrane proteins such as collagen type IV, laminin, and fibronectin in culture (Fig. 2D , E, and F, respectively), although a difference in the protein expression level at various culture times was not observed. Figure 3A demonstrates that cultured mESC-ECs express classical endothelial markers such as thrombomodulin, eNOS, and ICAM-1 in addition to PECAM1 and EphB2. Unlike RAECs that only express an arterial marker, Notch-1, mESC-ECs express both venous and arterial markers, EphB4 and Notch-1, respectively. More importantly, mESC-ECs express nephrin, which is known as one of the islet endothelial cell-specific markers. Consistent with mESC-ECs at passage 7-8, cells at passage 16 also express nephrin and another islet-specific marker, AAT, in 3D culture conditions, indicating that the cells do not undergo dedifferentiation even at passage numbers (Fig. 3B) .
To determine whether eNOS expression by mESCECs is glucose dependent, cells were subjected to different glucose concentrations. A negligible amount of eNOS was detected in the culture medium, which contains 17.5 mM glucose (Fig. 4A) . However, when the cells were A significant increase in eNOS expression was observed when mESC-ECs were exposed to 35 mM glucose concentration compared to the control DMEM/F12 culture medium containing 17.5 mM glucose, demonstrating glucose-dependent eNOS expression (n = 5, *p < 0.05). (B) VEGF concentrations in culture medium measured at various time points (days 20, 26, and 32) during pancreatic differentiation. The amount of VEGF in culture was significantly higher on days 26 and 32 compared to that of fresh culture medium (n = 3, *p < 0.05 vs. culture medium). The VEGF concentration increased significantly with more days in differentiation culture was observed (#p < 0.05 vs. day 20, **p < 0.05 vs. day 26). No significant amount of VEGF was produced by cultured mESC-ECs.
exposed to the glucose concentration of 35 mM, eNOS expression was significantly upregulated compared to the control (n = 5, p < 0.05). Although there appeared to be an increasing trend of eNOS expression with increased glucose levels, the eNOS values at 25 mM and 35 mM were not statistically significant.
As the number of mESC-ECs progressively increased with the time in differentiation culture, VEGF ELISA was performed to examine the presence of VEGF in the culture and to determine whether VEGF plays a role in the appearance of the endothelial cell. Culture medium collected at various time points during differentiation were examined, and fresh medium was used as a control. The VEGF ELISA results showed a significant increase in VEGF concentrations at days 26 and 32 of differentiation compared to that of fresh culture medium (p < 0.05 vs. culture medium) (Fig. 4B) . It was also observed that the VEGF concentration is significantly higher in culture medium at days 26 and 32 compared to that of day 20 of differentiation (p < 0.05 vs. day 20). VEGF concentration continues to increase by day 32 compared to that of day 26 (p < 0.05 vs. day 26). The increase in VEGF expression in culture correlates to the increasing number of endothelial cells as the differentiation progresses. With the treatment of 10 µM or 20 µM of thalidomide, a VEGF inhibitor in the culture for 18 days, a significantly less number of LDL-positive endothelial cells at the end of the differentiation were detected as shown in Figure 5 . While thalidomide did not completely inhibit endothelial cell appearance in the culture, it is evident that VEGF plays an important role in EC differentiation to form stem cells in our pancreatic differentiation culture.
Matrigel Assay and 3D Sandwich Gels Using mESC-ECs
When mESC-ECs were cultured on a layer of Matrigel, they were able to spontaneously organize into cord-like structures that were maintained for up to 48 h as shown in Figure 6A . This in vitro Matrigel angiogenesis assay demonstrates the angiogenic capacity of mESC-ECs, consistent with known characteristics of endothelial cells (40).
Furthermore, to examine mESC-EC behavior in a 3D environment, collagen gels were constructed using a sandwich method as shown in Figure 6B . Cells within each layer were spread out and formed networks with the neighboring cells after 5 days in culture, as demonstrated by F-actin staining (Fig. 6C, D) . A representative immunofluorescence image further confirmed that the lumens were lined with PECAM1-positive mESC-ECs (Fig. 6E,  F) . Although connections between cells across two separate layers were not observed, cells within the layer formed lumen-like structures in the 3D collagen gels. This was apparent in cross-sections of gels stained with hematoxylin and eosin (H&E; Sigma-Aldrich) (Fig. 6G) . Interestingly, it was found that while mESC-ECs in a traditional 2D culture do not express AAT, they express AAT when cultured in a 3D collagen gel environment (Fig. 6H ).
DISCUSSION
In this study, we describe the identification, isolation, and characterization of a pure endothelial cell population exhibiting islet microvascular endothelial cell phenotype derived from mESCs. These cells appeared as a side product in mESC differentiation into pancreatic b-cell culture following a previously established protocol (50). This is a unique finding, as differentiation was not achieved through a conventional direct differentiation method, which uses successive maturation steps to derive endothelial cells. While endothelial cells are recognized as a highly heterogeneous population exhibiting different phenotypes and functions depending on the location of the endothelium within the body (4), tissue-specific endothelial cell populations, especially derived from pluripotent stem cells in vitro, have not been demonstrated. Thus, to the best of our knowledge, this is the first report on stem cell-derived islet-specific endothelial cells.
The isolated mESC-EC population incorporates Dio-ac-LDL, which is a hallmark of mature endothelial cells. In addition, they exhibit classical endothelialspecific markers such as PECAM1, eNOS, and thromobomodulin, which are essential to endothelial adhesion and vascular network formation even at high passage numbers. mESC-ECs also express EphB2, which is known to play an important role in sprouting angiogenesis (1, 60) . Unlike a previous study that showed expression of PECAM1 by mESCs (40), our results demonstrated that neither our mESCs nor cells during early differentiation periods express PECAM1. Only cells selectively isolated from the differentiation culture exhibited expression of PECAM1, indicating a pure population of isolated endothelial cells. Endothelial cells are generally considered to exhibit cobblestone morphology in culture; however, these cells can vary in thickness, aspect ratio, and orientation in vivo. In the present study, mESC-ECs initially had more of an elongated morphology when first detected near insulin-producing cells, which is consistent with previous reports on primary human and rat IECs (67). Upon culturing in endothelial cell medium, however, they progressed more toward a cobblestonelike morphology. As information on mouse IECs is currently lacking due to difficulty in deriving purified IECs, whether the morphological changes induced any functional changes needs further studies. However, detailed characterization of these cells was performed on cultured mESC-ECs with cobblestone morphology, and as the cells possessed properties of islet-specific endothelial cells, significant functional difference due to morphological changes was not expected.
Pancreatic b-cells are unable to form a basement membrane in the absence of IECs (44). Instead, endothelial cells secrete proteins that are known to promote insulin-producing cell proliferation and insulin regulation (29, 34, 44) . IEC-secreted collagen type IV is shown to potentiate insulin secretion via interaction with integrin a1b1 on b-cells (30). Likewise, laminin has been shown to upregulate insulin gene expression and secretion and induce b-cell differentiation and proliferation (26, 44, 59) . Through immunohistochemical analysis, it was found that mESC-ECs in close proximity to insulin-positive cells deposit collagen type IV and laminin during differentiation culture (data not shown). Isolated mESC-ECs in culture also secrete ECM proteins such as fibronectin, laminin, and collagen type IV. This further confirms their endothelial cell phenotype and provides additional evidence for possible interactions of mESC-ECs with the pancreatic b-cell populations.
It has previously been shown that VEGF plays an important role in recruitment of endothelial cells and formation of IEC fenestrations (12, 23, 24, 35) . Our results demonstrate the presence of VEGF in the culture medium during differentiation, which progressively increases with more days in culture. This increase in concentration of VEGF coincided with the increased number of mESC-ECs present in the culture. As our populations of endothelial cells were detected in the vicinity of insulin-producing cells, it is plausible that the signals originating from endodermal pancreatic cells induced formation and growth of endothelial cell population in the differentiation culture. Since it was found that mESC-ECs do not produce significant amounts of VEGF in culture and pancreatic b-cells are known to constitutively secrete VEGF to recruit endothelial cells (44), it is likely that VEGF is mostly originated from insulin-producing b-cells in our culture. Moreover, as IECs are known to constitutively express VEGF-R1 (FLk-1) (13, 18, 58) , enabling them to bind to VEGF, the expression of FLk-1 by our isolated mESC-ECs further supports the hypothesis that pancreatic b-cells play an important role in endothelial cell growth, although the exact mechanisms involved needs to be further elucidated. Furthermore, the addition of thalidomide substantially suppressed the formation of mESC-ECs in our culture (33), suggesting that VEGF is one of the key factors mediating the formation of mESC-ECs in the differentiation culture.
In addition to classical endothelial cell phenotype, mESC-ECs exhibit distinct functional characteristics of IECs that are manifested by unique markers that can aid in their identification. mESC-ECs express nephrin, which is considered one of the specific IEC markers as shown by Zanone et al. (67) . While nephrin is expressed by other cell types, including podocytes in kidneys (57), some parts of the central nervous system in mice (8, 47) , and by the Sertoli cells where it forms the blood-testis barrier (41), other tissue-specific endothelial cells have not been shown to express nephrin. The precise function of nephrin on IECs, however, remains unknown. Studies have also shown that AAT is another IEC-specific marker that is not expressed by endothelial cells in surrounding tissues (42). A study by Zhang et al. showed that AAT significantly reduces cytokine-and streptozotocin-induced pancreatic b-cell apoptosis (68). Additionally, the administration of clinical-grade AAT after islet transplantation has been shown to improve the graft survival in mice (39,54). While our mESC-ECs cultured in traditional 2D condition do not express AAT, it is important to note that mESC-ECs cultured in a 3D collagen gel environment express AAT. As endothelial cells may lose some of their phenotypical characteristics when maintained in a 2D culture condition, it is possible that mESC-ECs cultured in a 3D condition regained their AAT expression, which was originally downregulated from long-term 2D culture. This indicates the need for a physiological microenvironment to maintain phenotype and function of cells in vitro.
Moreover, IECs are known to produce a host of vasodilators including nitric oxide (NO) (25) . NO is generated by NO synthase (NOS), and eNOS is the major NOS isoform predominantly expressed in endothelium. Both constitutive and cytokine-induced eNOS are present in pancreatic islets, although the role of constitutive eNOS in b-cell physiology has been controversial (55). Studies using islet cells and b-cell lines have reported that the constitutive eNOS either stimulates (15, 36, 49, 52, 53, 62) or inhibits (5) (6) (7) 19, 21, 22, 48 ) the insulin release. Unlike other endothelium, constitutive and cytokine-inducible eNOS in islets is specifically upregulated depending on glucose levels (55). Thus, the fact that our mESC-ECs express eNOS, which is regulated by a higher glucose level in the culture medium, further demonstrates their behavior as IECs. However, eNOS expression was not significantly upregulated in culture medium containing 17.5 mM of glucose, which is yet much higher than physiological glucose levels of 4-6 mM for endothelial cells (32, 56, 61) . Since mESC-ECs were cultured in medium containing 17.5 mM of glucose, it is plausible that cells became insensitive to that glucose level from being exposed for prolonged time. Thus, additional stimuli such as cytokines may be required to induce cells to produce eNOS at that level.
Given the increasing interest in tissue-specific endothelial cell populations, the availability of an unlimited source of IECs derived from pluripotent stem cells provide a promising source of cells for both research and clinical use. Although primary endothelial cells are widely used in in vitro studies, stem cell-derived endothelial cells, especially organ-specific endothelial cells, provide the opportunity to further study their specific functions in in vitro conditions. Better understanding of mESC-EC function and their interaction with their neighboring pancreatic b-cells can lead to significant advancements in the development of therapeutic strategies for diabetes treatment.
